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QCD: Central Topic of High Energy,
Hadvron, Nucleow Physics

® QCD: Fundamental Theory of Strong and Nuclear Interactions:
® Non-Abelian Yang-Mills gauge theory

® Quarks and Gluons: fundamental constituents of hadrons

® Central Probe: Lepton-Nucleon, Lepton-Nucleus Scattering

® Novel QCD phenomena
® Spin !
® Key Issue: structure of hadrons at the amplitude level

® Light-Front Wavefunctions

® New theoretical methods: AdS/CFT
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Kinematic coverage of lepton proton scattering experiments
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Asymmetric Electrovw-Iovw Collider

® Collide High-Luminosity Low-Energy 2 GeV
Electrons with 200 GeV Polarized protons and
lons at RHIC

® Highly Asymmetric Collisions

® Access high x domain: valence quarks, strong spin
and quantum number correlations

® Fixed Target Kinematics: Forward Proton
Fragmentation

s = 400 GeV?, /s = 20 GeV ;
0%>2GeV?  0.005<z= -2
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Linac-Ring Design

Based on superconducting energy recovery electron linac (EKL).
Electron beam is used for collisions just once. No beam-

beam limitation for electron beam.

Multiple interaction points are possible.

Electron polarization is achievable in the whole energy range,
including longitudinal polarization.

IR design has less restrictions that in ring-ring design.
Considerably higher luminosity than in the ring-ring design may be
achieved.

Small storage ring can be added for positron storage.
Considerable R&D for polarized electron source is needed.

eRHIC Accelerator Design, Collider-Accelerator Department



BNL High Energy Nuclear Physics PAC Report
Mowcihv23-24, 2006
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DVCS

Deeply virtual Compton scattering v*(q)p — ~(k)p’ provides a remarkable
way to study the fundamental structure of the proton at the amplitude level.
When the incoming photon is highly virtual Q? = —¢? >> AQQC p , the under-
lying scattering process measures Compton scattering on bound quarks, convo-
luted with the fundamental microscopic wavefunctions of the initial and final
state proton. In addition, the photons can scatter and annihilate virtual quarks
pairs in the initial state, thus probing quantum fluctuations of hadron wave-
functions predicted by relativistic quantum field theory. Thus DVCS provides
direct and unique information on the proton’s light-front wavefunctions.

GPDs & Deeply Virtual Exclusive Processes
- New Insight into Nucleon Structure

hard vertices
,Y* / \ Y x - quark momentum

fraction

&- longitudinal
momentum transfer

t - Fourier conjugate
to transverse impact
parameter

| H(x,E,1), E(x,E,1),. | “Generalized Parton Distributions”
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GPDs & Deeply Virtual Exclusive Processes
- New Insight into Nucleon Structure

hard vertices

X - quark momentum
fraction

&- longitudinal
momentum transfer

\/t - Fourier conjugate
to transverse impact
parameter

H(x,§,1), E(X.E,T), . .| “Generalized Parton Distributions”

Quark angular momentum (Ji sum rule)

|
1 1
Ji=——J0== jxdx [Hq(x,i,O) +E 1 (x,i,O)]
2 2 -1 X. Ji, Phy.Rev.Lett.78.610(1997)
BNL-EIC Novel EICIl;henomena Stan Brodsky, SLAC
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A Unified Description of Hadron Structure

Elastic form factors
Parton momentum
distributions

Real Compton
scattering at high

Deeply Virtual Meson
production

Light Front Wavetunctions

BNL-EIC Novel EIC Phenomena
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Light-Front Wavefunctions
Fundamental Representation of Hadronw Dynamics

Fixed T=t+ z/c

pt =pPO4 p? 4

;PP + k|

Pt P,

W (x4, k iy Aj)

Irwawriont under boosty! Inde/pe/md@mto-fPu
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Hadronigation at the Amplitude Level

Relativistic
Anti-
hydrogen.
production.

e

Event amplitude 5 5 S R
generator R TER TN

Construct helicity amplitude using Light-Front
Perturbation theory; coalesce quarks via LFWF's
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Formatiow of Relativistic Anti-Hydrogew

Measured at CERN-LEAR and FermiLab

Munger, Schmidt, sjb

| Coulomb field -

Wavefunction maximal at small impact separation and equal rapidity
“Hadvronization” at the Amplitude Level

Novel EIC Phenomena
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Angular Momentum o the Light-Front

J? §% 4 IS Conserved
Z Z LF Fock state by Fock State

1—1

Gluon orbital angular momentum defined in physical Ic gauge

k>

n-1 orbital angular momenta

[% —1(k

J ak2 J akl)

Nongero-Anomalouws Moment -->
Nongero- ovbital anguwlar momentunmy
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Fz Z/daﬁ 1[d%k, ] Zeﬂ S Drell, sjb

x / | /
[ - Q—ng (i, KLy i) %(fiakua Ai) + q—RlbclL (i, K45 i) wl(%;ku, Az)}

k/J_z — kJ_rL' — T;q L k,J_] = kJ_j —+ (1 — ZCj)qJ_
. qr,r, = ¢~ £ iq¥
—~  (+) -
Xjo Ky Xjokyj*+ay
/' \

' —
Py, S,= - 1/2 p+aq, S,=1/2
Must have A/¢, = +1 to have nonzero F»(g?)

Saume matrix elementy abpear i Sivery effect

-- conmnection to- quawrk anomalouws momenty
Novel EIC Phenomena
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Light-Front Wave Function Overlap Representation

DVCS/GPD ... ..
Diehl, Hwang, sjb, NPB596, 2001

. DGLAP
See also: Diehl, Feldmann, Jakob, Kroll region
) N
% L N 1+¢
ya
3 /
z+¢ —(Z-8)
k=F-2 k=F4 2 The W
2 2
* * ERBL
/( }\ region
_ A _ A
P=P+7 P=P-=
DGLAP
region

N=3 VALENCE QUARK = Light-cone Constituent quark model

N=5 VALENCE QUARK + QUARK SEA => Meson-Cloud model
BNL-EIC Novel EIC Phenomena
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Example of LFWF representation
of GPDs (n=>n)

Diehl,Hwang, sjb

1 Al —iA2

1

=7 M E(n—>n)(X,§at)

( 2 nzfl—[dx{dﬂlgu 16735 1_2n:xj 52 Xn:l&,
Ai)

j=1
X 8(x — XY (¥, Ky 2 ¥

where the arguments of the final-state wavefunction are given by

¥
(n)

(i, ks,

X] — - > l —x
Xj = 11_ ;, K =k — — IAL for the struck quark,
Xi - - X; -
xl(:l_l;, kli:ku‘i‘l_l{AL for the spectators i =2, ..., n.
BNL-EIC Novel EIC Phenomena
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Example of LEWF representation

of GPDs (n+1 => n-1)
Diehl,Hwang, sjb

1 Al —iA?
1-¢ 2M
n+1 27 n+1 n+1
3—n dx; d*k; 3 2) -
= (V1-¢) Z/ ]_[ 167 5(1 —ij 5 ZkLJ-
n,A; i=1 j=1 j=1
X 167138(xn+1 + x1 — {)8(2) (I_C)J_n—I—l -I-lzu — A_)J_)
X o(x — X1)W(Tn*_1)(xl{, K\, )»i)lﬁ(%ﬁq)(xl', kii, Ai )8, —npss

E(n—l—l—m—l)(xa C,t)

where i =2, ..., n label the n — 1 spectator partons which appear in the final-state hadron
wavefunction with

> - X
Xj = ) ki =k, ;+ 1

Novel EIC Phenomena
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Link to DIS and Elastic Form Factors

DIS at $=t=0
H(x,00)=g(x), —q(~x)
H(x,0,0)=Ag(x), Ag(—x)

Form factors (sum rules)

jdxz Ho(x 0] =F, (1) Dirac ££

1

[aXY[ErxEn] =F, (1) Pauiitr.

1

|

dx H'(,6,0)= Gy ( 1), [dxE'(x,60)=Gpy( 1)

X [ Verified using
L H B A Bl LEWEs
= Diehl,Hwang, sjb

e

1 1

2 23

Quark angular momentum (Ji’s sum rule)

Ji=——JG =~ jxdxl?iq (%,50)+ E“(x,50) |

X. Ji, Phy.Rev.Lett.78,610(1997)

BNL-EIC
November 27, 2007
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GPDs & Deeply Virtual Exclusive Processes
- New Insight into Nucleon Structure

hard vertices

X - quark momentum
fraction

&- longitudinal
momentum transfer

\/t - Fourier conjugate
to transverse impact
parameter

H(x,§,1), E(X.E,T), . .| “Generalized Parton Distributions”

Corrections to Handbag approximation -- not gauge invariant!
Wilson line: SSA and Diffractive in DIS
Cat’s ears
Real Compton: PQCD not handbag

BNL-EIC Novel EIC Phenomena
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Spatial Structure of DVCS

The Fourier transform of the DVCS amplitude with respect to the momen-
tum transfer and the skewness parameter can provide a three-dimensional spa-
tial picture of the proton at fixed light-front time. Measurements of the DVCS
cross sections with specific proton and photon polarizations can thus provide

comprehensive probes of the spin as well as spatial structure of the proton at
the most fundamental level of QCD.

24



Space-time picture of DVCS P. Hoyer

*

N Y
The position of the struck quark differs by x~ in the two wave functions
Measure x- distribution from DVCS: 5
Take Fourier transform of skewness, £ = T

the longitudinal momentum transfer
S. J. Brodsky?, D. Chakrabarti’, A. Harindranath®, A. Mukherjee?, J. P. Vary®®/
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November 27, 2007 25

Stan Brodsky, SLAC

25



S. J. Brodsky?, D. Chakrabarti’, A. Harindranath®, A. Mukherjee?, J. P. Vary*®/

Hadrovn Optics

N -1 - -
A(o,b)) = 2 [dee'257 A(g,b)) 1 _ Q%
L 2 B O — §£U P_I_ € - 2p.q

80 | T | T T T |

DVCS Amplitude using
holographic QCD meson LFWF

60

40

Aocp = 0.32

20

0

The Fourier Spectrum of the DVCS ampli-
tude in o space for different fixed values of

b |. GeV units

Novel EIC Phenomena
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Phase Structuwe of DVCS

The DVCS amplitude is complex, so one must have the capability of mea-
suring both its real and imaginary part. Measuring the electron-positron asym-
metry allows the measurement of the real part of the DVCS amplitude from its
interference with the Bethe-Heitler bremsstrahlung amplitude. One can thus
test for the presence of a constant in energy J=0 fixed pole characteristic of
quark Compton scattering. Single proton-spin asymmetries provide the inter-
fering imaginary part related to the generalized parton distributions.

27



J=0 Fired Pole Contribution to-DVCS

* J=o0 fixed pole - direct test of QCD locality -- from seagull or

instantaneous contribution to Feynman propagator

BNL-EIC Novel EIC Phenomena
November 27, 2007
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Issues for DVCS

* J=o0 fixed pole - direct test of QCD locality -- from seagull

or instantaneous contribution to Feynman propagator
* <1/x> Moment
* Dominance of Handbag diagram?

* Breakdown at large t ; effects of IFSI in DIS, diffractive
intermediate states

e Timelike studies at BaBar/Belle and GSI FAIR

* BH/Compton interference from charge asymmetry

BNL-EIC Novel EIC Phenomena
November 27, 2007 29

Stan Brodsky, SLAC

29



Light-Front Wavefunctions

Fixed T=t+ z/c

pt = p0 4 p=

W (x4, k iy Aj)

Irwawriont under boosty! Inde/pe/md@mto-fPu
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|P>Sz = E an(xiazj_ia}\-i) \n;zL,-,N e
n=3

st over states withv n=3, 4, ...constituenty

The Light Front Fock State Wavefunctions
W, (x1, k11, M)

P

are boost invariant; they are independent of the hadron’s energy

and momentum P*. P
The light-cone momentum fraction

A

l

20 = . =
’ p+ PO 1 pz P
are boost invariant. i:

n

Intrinsic heavy quarks  u(z) # d(z)
Mueller: BFKL DYNAMICS s(x) # s(x)

Novel EIC Phenomena
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g =PF, Sx=1, S =0t \
Z 2 Z P
/

\A A

YVYY

YYYYY

YYYYVYYY

Fixed LF time

Stan Brodsky, SLAC
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Light Antiquark Flavor Asymme‘l'r'y‘

I(x)/u 015 <z < 0.
Naive Assumption d(x)/u(x) for 0.015 <z <0.35

from gluon splitting: 2:25
- B ES66
B 2 F —A— A NASI]
d(x) = u(x) -
175 MRS12
CTEQ4m
15 F CTEQ6
125 -
® E866/NuSea (Drell-Yan) SR £
0.75 F \/
0.5 F
0.25 F E866 Systematic Error
O:TTII||I|||||||||%|M\s!ailli"4|="'-

0 0.1 0.2 0.3 0.4 0.5 0.6
X
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Remawvkable Features of
Hadvon Structure

Valence quark helicity represents less than half of the
proton’s spin and momentum

Non-zero quark orbital angular momentum!

Asymmetric sea: y(z) #% d(z)relation to meson

cloud As(z) # As(x)

Non-symmetric strange and antistrange sea 5(z) % s(z)
Intrinsic charm and bottom at high x

Hidden-Color Fock states of the Deuteron

BNL-EIC Novel EIC Phenomena
November 27, 2007 33

Stan Brodsky, SLAC

33



Measure strangeness distribulion
from DIS at EIC

S(x) # s(z)  er KX
* Non-symmetric strange and antistrange sea
* Non-perturbative input; e.g |uudss >~ |A(uds) K1 (5u) >

* Crucial for interpreting NuTeV anomaly
0

'U
YYVYYVYY
occ

(V)

BNL-EIC Novel EIC Phenomena
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Strangeness Asymumelry

The strange and anti-strange distributions of the proton need not be s(z, Q?) #
5(z,Q?%); this asymmetry reflects fundamental nonperturbative aspects of the
proton’s structure.

Meson-Baryon fluctuations produce asymmetry

Compare D(sc) and D(5c)
in proton fragmentation region at the EIC

35



Compare protons versus anti-proton in s current quark fragmentation

Ds—p(z) # Ds—>ﬁ(2)
Tag s quark via high xr A production in proton fragmentation region.

I I I I
0 0.2 0.4 0.6 0.8 1.0
y4

B.Q. Ma and sjb
APP () = Ds=p(2)=Ds—j(2)

Ds—>p(2’)‘|‘Ds—>15(Z)
Consequence of sp(x) #~ 5p(z) luudss >~ |[KTA >
1 EIC Ph
BNL-EIC Novel EIC onomend Stan Brodsky, SLAC
November 27, 2007 3



Intrinsic Chawrm ond Bottom

QCD predicts that the charm and bottom quark distributions ¢(z, Q?), b(z, Q?)
measured in DIS have support at large z; these contributions arise from dia-
grams in which the heavy quarks are multi-connected to the valence quarks of
the proton. These intrinsic contributions are addition to those derived from
gluon splitting and DGLAP evolution. The probability for intrinsic heavy
quarks scales as 1/ m2Q due to the non-Abelian interactions of QCD.

The presence of intrinsic charm and bottom fluctuations leads to the pro-
duction of heavy mesons, baryons, and quarkonia at high xp in the proton
fragmentation region.

37



10~ . ; ; l

Y ; Meosuwrement of Chawrmy
: - Structuwre Functiovw

J. J. Aubert et al. [European Muon Collaboration], “Pro-
duction Of Charmed Particles In 250-Gev Mu+ - Iron In-
teractions,” Nucl. Phys. B 213, 31 (1983).

First Evidence for
Intrinsic Charm

D FTE TN -
',. "". . > T
. Y
\'/. / f'.‘...
3 /. / I/
e ) \ PGF/ B . /
i + 3UICICR) ] ' x
- i N 1 Jactor of 30! y
o N
I, ] -
L AN =
i PGF \ < 3\\0
A
i \ > u
i - - d
1

X
DGLAP / Photon-Gluon Fusion: factor of 30 too small

- -

10
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Hoyer, Peterson, Sakai, sjb

u B luudcc > Fluctuation in Proton
.
/ \ "R, QCD: Probability <&
BA R .. L
P, | C, leTe” ¢4~ > Fluctuation in Positroniunmn
e ~ 4
\ Iy BG G QED: Probability (Z—;‘)
/B g
G OPE derivation - M.Polyakov et al.
G3V F47/
< P|m—%|p > vs. < P|#?|P > cé in Color Octet
Distribution peaks at equal rapidity (velocity) meanl]

Therefore heavy particles carry the largest mo-
mentum fractions

High v charm/! Chawrmv at Thwreshold

Novel EIC Phenomena
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Hoyer, Peterson, Sakai, sjb

Intrinsic Heavy-Quowk Fock States
R (’LLRB >

A =
P B C

* Rigorous prediction of QCD, OPE -

BG

~

Y

IO

®f QI

u
/B d
¢ Color-Octet Color-Octet Fock State! 22005 G

8711A82

1

* Probability Py M3 Pocoag ~ azF QQ

PCE/p ~ 1%
* Large Effect at high x

* Greatly increases kinematics of colliders such as Higgs production
(Kopeliovich, Schmidt, Soffer, sjb)

* Severely underestimated in conventional parameterizations of
heavy quark distributions (Pumplin, Tung)

* Many empirical tests

BNL-EIC Novel EIC Phenomena
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e EMC data: ¢(z,Q?) > 30 x DGLAP
Q2 =75 GeV?, £ = 0.42

e High xp pp — J/¢¥X

e High zp pp — J/pJ/pX
e High zp pp — AcX

e High zp pp — Np X

e High xzp pp — =(ced) X (SELEX)
IC Structure Function: Critical Measurement for EIC

BNL-EIC Novel EIC Phenomena
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1 i | ] T T T 1 T
10°L- 50 pP—cX
X = ]
= . TIrITITIT T ITIT I -
T \\ 0% 7D 1 Model similowr to-
Q .2 A
'O — . ~l~g=—" "¢ ot ’ v
e ej _ T ____ .7 Intrinsic Chawm
- ¢ ~N -
-;—J B .// e %\ j
g o] r— // \ "'-._.‘ 1
~ - / . L i
\b / ive ¢
S 10 = / active ¢ -
- /spectator ¢ : .
-,’ \. fusion .
5 | ]
i \ ..
IOO | 1 1 1 AN 1 1 1
0 0.2 0.4 0.6 0.8 1.0
| %0

V. D. Barger, F. Halzen and W. Y. Keung,
“The Central And Diffractive Components Of Charm Pro-

duction,”’
Phys. Rev. D 25, 112 (1982).
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Leading Hadronw Production
from Intrinsic Chawrmv

! - \ c
c u
T > c >—O_>'J/‘-P . ‘ d - Ne
q S L. ©
< u

Coalescence of Comoving Charm and Valence Quarks
Produce J /4y, A, and other Charm Hadrons at High xz

BNL-EIC Novel EIC Phenomena
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Production of v Double-Chovrm Bawryow
SELEX highxg <z >= 0.33

BNL-EIC Novel EIC Phenomena
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Production of Two-
Charmoniav at Highv xr

J/Y

u
P
Tc y A
. :O—»-J/LP
p—
d
A

N—
d
\¥

BNL-EIC Novel EIC Phenomena

November 27, 2007 45

Stan Brodsky, SLAC

45



All events have zf, > 04! Excludes "color drag’ model

5.0 , I 10.0
b
5 (a) 7TN-’1W/ B (b) N~y 1 e
o <
< NG
325t 4  F 4 503
2 :
© - -4 25
0.0 | | / } 0.0
3 6r-(c) pN-yy - (d) pN-v
fa — — 10 »>
] 5
3 B g
3 B 19 z:
N h o
o ‘ ‘ 0
0.0 05 1.0 0.0 0.5 1.0
ey Xy

Fig. 3. The ¢y pair distributions are shown in (a) and (c) for the

A — J/pJ /pX

Intrinsic charm contribution to double quarkonium
hadroproduction *
R. Vogt?, S.J. Brodsky®

The probability distribution for a general n-parti
intrinsic ¢¢ Fock state as a function of x and k7
written as

pion and proton projectiles. Similarly, the distributions of J/¢’s ap.
from the pairs are shown in (b) and (d). Our calculations are o 7
compared with the 77— N data at 150 and 280 GeV/c [1]. The L=t d%id%kz;
xyy distributions are normalized to the number of pairs from both o (Z’Ll kri)o(1 — Z{l—l X;)
pion beams (a) and the number of pairs from the 400 GeV proton = N,,a?( M) 12_ - 5 - 5
measurement (c¢). The number of single J/i’s is twice the number (mh - Ei:l (mT,i/ Xi))
of pairs.
NA3 Data
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e IC Explains Anomalous a(zr) not a(xzo)
dependence of pA — J/YX
(Mueller, Gunion, Tang, SJB)

e Color Octet IC Explains A2/3 behavior at

high zp (NA3, Fermilab) Color Opaqueness
(Kopeliovitch, Schmidt, Soffer, SJB)

e IC Explains J/¢¥ — pm puzzle
(Karliner, SJB)

e IC leads to new effects in B decay
(Gardner, SJB)

Higgs production at xr = 0.8
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Forwawrd Fragmentatio

Heavy Hadron Production from IC, IB

When the electron interacts with the intrinsic charm or bottom quark, heavy
hadrons such as the A, and even doubly charmed baryons such as the Z(cced)
are created with high momentum fractions and Lorenz-dilated lifetimes.

48



Leading chawrw production inv

protonw fragmentatiow regiow
at the TIC

Intrinsic charm and bottom quarks P
have same rapidity as valence quarks

¢ u
Produce Z(ccd), B(bu), A(cbu), Z(bbu) / e

Coalescence of Comoving Charm and Valence Quarks
Produce J /4y, A, and other Charm Hadrons at High xz
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800 GeV p-A (FNAL) o©,=0c,*A° M. Leitch
PRL 84 3256 (2000); PRL 72 2542 (1994)

~ open charm: no A-dep
10 | aE mid-rapidity ) dwF (pA — J/¢X)
0o E E —:—%E -
: Eﬁ I Remawrkably Strong Nucleowr
o | = | | Dependence for Fast Charmoniuw
| @ Jhy == E -
Oy’ i
D (E789) e
07 - -
ER66/NuSea -l T Violatiow of PQCD Factorigation
BOD GeV p + A —» Jwy 1
0 ——t—— T
0.0 0.2 0.4 0.6 0.8 1.0
Violation of factorization in charm hadroproduction.
P. Hover, M. Vanttinen (Helsinki U.) , U. Sukhatme (lllinois U., Chicago) . HU-TFT-90-14, May 1990. 7pp.

Published in Phys.Lett.B246:217-220,1990

IC Explains large excess of quarkonia at large xr, A-dependence
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http://www.slac.stanford.edu/spires/find/inst/www?icncp=Illinois+U.,+Chicago
http://www.slac.stanford.edu/spires/find/inst/www?icncp=Illinois+U.,+Chicago

Heawvy Quawk Anomalies

Nuclear dependence of J/v hadroproduction
Violates PQCD Factorization: A%(zg) not A%(x-)

Huge A?/3 effect at large xp
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Intrinsic Chowrmv Mechoawnism for Inclusive
High-Xr Quawkonivm Productionw

pp — J/PpX

S/

p

Goldhaber, Kopeliovich, Softer, Schmidt, sjb

Quarkonia can have 80% of Proton Momentum!
Color-octet 1C interacts at front surface of nucleus
IC can explains large excess of quarkonia at large xr, A-dependence

Novel EIC Phenomena
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Intrinsic Chawrme Mechanism for Inclusive
High-Xr Higgs Production

>
>
E >
. G—b H
C ~\g
< o
<

< p

pp — HX

Goldhaber, Kopeliovich, Schmidyt, sjb

Also: intrinsic bottom, top

Higgs can have 80% of Proton Momentum!

New seawchv strategy for Higgs

Novel EIC Phenomena
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Heavy Quawkoniwm Productiow inv e A collisions

xF Dependence
A dependence
Polawigation Dependence
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Intrivuic Bottom Contributionv to-Inclusive
Higgs Production

50 - dcfc—"F(ppHHX)[fb]
40 -

— LHC /s = 14TeV

2 30-

><LL

3

6 20-

©
10
O'I—/:’I'I'I'I'I'I'I'\I'I
0,78 080 082 084 086 088 090 092 094 09 0,98

X Goldhaber, Kopeliovich, Schmidt, sjb
Novel EIC Phenomena
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Tagging Gluons witihv Chawrm

Studies of the gluon distribution utilize subprocesses such as v*g — cc. The
presence of intrinsic charm complicates using the charm tag to determine the
gluon distribution at high x. This effect can be reduced by requiring that ¢ and
c jets balance in transverse momenta since the associated charm quark appears
in the proton fragmentation region in the case of the intrinsic contributions.

Use extreme caution when using
Yg — CC Or gg — CC
to tag gluon dynamics
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Forward Fragmentation

Hidden Color

When the electron strikes a quark in DIS, the remnant part of the proton
emerges along the proton direction. The remnant system for DIS on nuclei
such as the deuteron and ®>He targets do not always leave the spectator nu-
cleons intact, because of QCD hidden-color degrees of freedom in the nuclear
wavefunction as well as the final-state interactions of the quarks.
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Deuterow Light-Front Wavefunction

Fixed T=t+ z/c

Pt =pO 4 p? N

zPT,2,P| +k|;

deuteron

—

Pt P

Weak binding: P

Yalzx;, EJ_z) — wg()dy X Pp X Pp

Two- colov-singlet combinations of thwee 3¢ 2 kL =0l

1 EIC Ph
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Evolution of 5 color-singlet Fock states
d g
Wi (@i, k14, Ai)

‘0
.0
&

deuteron

> ki ;=0

=1

2 2 —
(24, Q) = [FLi<9" a2k | jon(ai, k] ;)

5X 5 Matrix Evolution Equation for deuwterow
distribution amplitude
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Hidden Color of Deuteron

Deuteron six-quark state has five color - singlet configurations,
only one of which is n-p.

Asymptotic Solution has Expansion

Yre1{ss} = ("él")l/z Yyn+( '4'?%')1/2 Y ant (%)1/2 Yec

LLook for strong transition to Delta-Delta

Novel EICGI(’)henomena Stan Brodsky, SLAC
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Deuteron Photodisintegration and Dimensional Counting

P.Rossi et al, P.R.L. 94, 012301 (2005)

—
@)
»
°

30° = 9> <40° 40° = 9" <50°

&; [ "te, .. =329 | X=1.28
3 10 | s D il
gul e PQCD and AdS/CFT:
10 | ¥
f/ [N - — ST — ST
= :: =41 :: .,.‘.. =128 I’ltot—2d_0' A -
N e s 2494 4 B C 4 D) =
© 0 ’F ‘ | - g F (6 )
! [ R ] ! ! . A+B%C+D CM
4 o = oY) r o < W 0
10 %.‘.. 70° =9, <80 ) %.v.‘ 80° = ¥, <90 s
10 | ‘oom L
- * = l1l1do X
4 Cap 0 i Capr 0
10 % ) 90° = & <1oo>é=1‘25:. i 100° = o7 <11Xc;=1'36
1?2 \\ - \7\ Mior — 2 =
(7= E L
104F . —— T10° = 90 <1200 | . Ty 120° < 3% <130° (1 +6+3+3)_2_ 11
- v ~., X=1.68 |~ ".‘.. =1.31
102 \"TT\ x ..“N’”"\ ~vd — (uuddduss) — np
10 | &
fONdE | — 130°= 07 <140° | ,.‘ T 140° = 05 <150° at s~ 9 Ge\/2
‘e, X=1.26 °% . =1.37
10 - e
6 7 8 910 20 6 7 8 910 20 2% 2
T s (GeV?) * s (GeV?) at s ~ 25 GeV
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yd — np
vd — (uuddduss) — np at s = 9 GeV?
Fit of do/dt data for

the central angles and
P;21.1 GeV/c with

A s"ll

For all but two of the fits
< 1.34

Better x? at 55° and 75° if different data
sets are renormalized to each other

‘No data at P;21.1 6eV/c at forward and
backward angles

*Clear s™!! behaviour for last 3 points at 35°

Data consistent with CCR

s''do /dt (Kb GeV®)

(e} n L

ro

NS

P.Rossi et al, P.R.L. 94, 012301 (2005)

T 30°8 9% <40° | 40° £ 9% <50°
i Lo b

i %E \ B ' +

:‘Irwﬂf‘ Ll L ‘ L | ‘ L | | WW\'..I *\ ‘ L | | | L1 |
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>d=1.31 % xi=w.21
IS
$'-’-‘;+ H -------------------- - "'$v ad H --------------------
| \ I BN B R B L L
110’5151°”<12O° i 120"5195"' <130°
\ xf=0.83 B J Xf=0.88
%‘i% * """""""""" "'u.“o %'# H """"""""""
[ 1N AR B N N B
i 130’519':”(140" i 140°§19,°," <150°

l

15

20

s (GeV?)

62



* Remarkable Test of Quark Counting Rules

* Deuteron Photo-Disintegration yd — np

do __ F(t/s)
dt — ghtot—2

Niot = 1 6+34+3 =13

Scaling characteristic of
scale-invariant theory at short distances

Conformal symmetry

. d d
Hidden color: d—j(’yd S ATTAT ) ~ d—(;(fyd — pn)

at high pp Ratio predicted to approach 2:5
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Test of Hiddew Color inv Deuteron Photodisintegration

o (vd—AtTtA—)

R = dt TLaow ) Ratio predicted to approach 2:5
@ \Ye—pn

Possible contribution from pion charge exchange at small t.

Ratio should grow with transverse momentum as the hidden color
component of the deuteron grows in strength.
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Anti-Deuteron Production at the Amplitude Level

Combinatoric Advantage
for Hidden-Color Fock

States

T — 999 — a7 97 99 97 97 97 — d X
Compare Anlv-Denterovw productiow
withv double anti-bawyow production
T — 999 — 4999999 9993 9¢ =P n X

Novel EIC Phenomena
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Deep Inelastic Electron-Protovw Scattering

Gluonic
Bremumstrahlung
DGLAP Evolution
g
jet
Novel EIC Phenomena

BNL-EIC
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Deep Inelastic Electron-Protovw Scattering

Final-State QCD
Interaction

jet
Corwentional wisdom
Final-state interactions of struck quark canv be neglected

Novel EIC Phenomena
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>t '5195 WV Leading Twist
Ay rves Sivers Effect

< Hwang,
Schmidyt, sjb

current
quark jet  Collins, Burkardt

Ji, Yuan

QCD §- and P-
Coulomb Phases
--Wilson Line

Pseowlm T-0dd quark final state

interaction

spectator
system

proton

Light-Front Wowefunction
S and P- Waves
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Final-State I nteractions Prodiuce
Pseudo-T-Odd, (Sivers Tffect)

* Leading-Twist Bjorken Scaling] i § . ﬁ jet X 67

* Requires nonzero orbital angular momentum of quark

* Arises from the interference of Final-State QCD S
Coulomb phases in S- and P- waves; Wilson line effect;
gauge independent v

current
quark jet

final state
interaction

spectator >

system

proton 11-2001
8624A06

* Relate to the quark contribution to the target proton
anomalous magnetic moment and final-state QCD phases

* QCD phase at soft scale!
* New window to QCD coupling and running gluon mass in the IR

* QED S and P Coulomb phases infinite -- difference of phases finite!
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; . ; and produce
pﬂ : rle can m_ttirfere nl % s a T-odd effect!
| Wi 2 (also need L, # 0)

P

HERMES coll., A. Airapetian et al., Phys. Rev. Lett. 94 (2005) 012002.

Sivers asymmetry from HERMES o First evidence for non-zero

. 5015 F - Sivers function!
2 o1l L |
T 4 ® = presence of non-zero quark
g 0054y T orbital angular momentum!
K7 0 j ____________________________ I + _____________________
N 005 L. ... b e Positive for ...
01 L B Consistent with zero for ...
0.05 - | n + Gamberg: Hermes
0 +#+ ..... + ....... T ...... . B + data compatible with BHS
0.05 | L model
== - Schmidt, Lu: Hermes
X z contributions to anomalous
moment
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Physics of Rescaltering

e Sivers Amplitude is Imaginary
* Phase comes from FSI

e (Cannot be computed from wavefunction of proton in
isolation!

* Phase requires QCD coupling in infrared
* Process dependent

* Input from hadron dynamics: Overlap of spin parallel
and antiparallel LEWFS

e Same amplitudes which determine Pauli form factor

BNL-EIC Novel EIC Phenomena
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Gardner, sjb
Seav quawks cawry ovbitold angulowr momentunm

final state
interaction

spectator >

system

proton

Sivers effect for 7 (ud) reduced by L; at low x
Sivers effect for 7~ (du) reduced by Lg at low x

Sivers effect for K (u3s) increased by Lz !

BNL-EIC Novel EIC Phenomena

November 27, 2007 73

Stan Brodsky, SLAC

73



2 (sin(¢-0g)YT

2 (sin(¢-d)UT

0.25

0.2

0.15

0.1

0.05

0.15

0.1

0.05 |

-0.05

-0.1

-0.15

~lepton beam asymmetry
- 8.1% scale uncertainty

+
+
+
iF

|

0

O

" HERMES PRELIMINARY 2002-2005
,mplitudes

I
ptoo

= |

: I * g

b e ]

-4 - -

ot 02 osts 03 04 05 55 azesnsns 1
X Z P, [GeV]

Large K"
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A new measurement of the Collins and Sivers
asymmetries on a transversely polarised deuteron

target
The COMPASS Collaboration hep-exl061 0068
<c£
0.051 %) -
$ ¢
UV BT I | P
L3 5 5{){:}5‘) o % ; + %%cp@ iﬁ
-0.051 B
O o " 02 04 06 08 05 1 15
x 7 p}} (GeVic)

Sivers SSA cancels on an isospin zero target --
gluon contribution to the Sivers asymmetry small
small gluon contribution to orbital angular momentum of nucleon

Polarized Deuteron Target Gardner, sjb
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Sivers Single-Spinv A symumetiies for Jetls

Single-spin asymmetries measuring the S . p X ¢ correlation in DIS arise
from the final-state interactions of the struck quark in DIS; the Wilson line of
the quark propagator cannot be neglected in any gauge. Here S can be the
electron or proton spin and p’ is the quark momentum as determined by a jet
measure such as thrust, or it can be the momentum py of a hadron from the jet
fragmentation. The SSA for jets in DIS is free of the Collins asymmetry from
jet fragmentation. It has never been measured.
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> = 5 ] — >< —
© current p q pq
quark jet
Y
Measwre Sivers
final state Asymmelry ivv
interaction
DI1S Jetl

Productiov

spectator
system

No-Colling Effect
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final state SpinvAsymmetry

Interaction DVV P O‘I,O(/V' W

spectator ‘HyPW ovv
-l e Production
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8 leading-twist spin-k. dependent distribution
functions

N
~_

Courtesy of Aram Kotzinian
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Predict Opposite Sign SSA i DY !

Collins;

|3 > Hwang, Schmidt.
> sjb

cl
D
+

-
P4 >

§ingile Spin Asymmetry In the Drell Yan Process

Sy D X Gy

Quarks Interact in the Initial State

Interference of Coulomb Phases for S and P states

Produce Single Spin Asymmetry [Siver’s Effect]|Proportional
to the Proton Anomalous Moment and o,.

Opposite Sign to DIS! No Factorization

Novel EICSI;henomena Stan Brodsky, SLAC
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Ol

Boer, Hwang; sjb

: s <
: -

u :
M E >WW

u -
: <
-

DY cos 2¢ correlation at leading twist from double ISI

Novel EIC Phenomena
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Anomalowus effect from Double ISI inv
Maussive Lepton Productiovw

Boer, Hwang, sjb

COS 2¢ correlation P,

;[

* Leading Twist, valence quark dominated QQ% %}\‘%J
o

P,

——

* Violates Lam-Tung Relation!

B
* Not obtained from standard PQCD subprocess analysis

=

1

* Normalized to the square of the single spin asymmetry in semi-
inclusive DIS

* No polarization required

* Challenge to standard picture of PQCD Factorization

BNL-EIC Novel EIC Phenomena
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Double Initial-State Interactions
generate anomalous cos2¢

Drell-Yan planar correlations

1 do
— — X

(1 + Acos? 0 4 11sin 260 cos ¢ + Z sin2 0 cos 2gb)
o df) 2

PQCD Factorization (Lam Tung): 1 — A — 2v 0

TN — ,u_l',u_X NA1

Boer, Hwang, sjb

O

b————— =
a~ 035 - T
i 03
\f\_} V(QT)O 25 e S
A% ' e _
0.2+ . ~Hard gllon radiation_
-~ | 01 5 i 2 -
— [ J — 0.05 1
P ; Dot e
. . % > 3 4 5 6 7,8
Violates Lam-Tung relation! Qr
Model: Boer,
Novel EIC Phenomena
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Y
Yy

cl
o

Problem for factorigation whew botivISI and FSI occur
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Factorization is violated in production of high-transverse-momentum particles in
hadron-hadron collisions

John Collins, Jian-Wei Qiu . ANL-HEP-PR-07-25, May 2007.

e-Print: arXiv:0705.2141 [hep-ph]

’ N : 4
N /
\\ /
N
N 2R 1
N A/
N N/
/ ~ 7/
~ \
,7 - 4 \
\\// *
// \
Y \
) ya < \ )

The exchange of two extra gluons, as in this graph,
will tend to give non-factorization in unpolarized cross sec-

tions.
1 EIC Ph
BNL-EIC Nove C8 cromena Stan Brodsky, SLAC
November 27, 2007 5
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((D Z % GZ )

e Diffractive DIS

* Non-Unitary Correction to DIS: Structure functions are not probability
distributions

* Nuclear Shadowing, Antishadowing- Not in Target WF
* Single Spin Asymmetries — opposite sign in DY and DIS

e DY co0s2¢ distribution at leading twist from double ISI-- not given
by PQCD factorization -- breakdown of factorization!

e Wilson Line Effects not 1 even in LCG

* Must correct hard subprocesses for initial and final-state soft gluon
attachments

e Corrections to Handbag Approximation in DVCS!
Hoyer, Marchal, Peigne, Sannino, sjb
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Diffractive Deep Inelastic Scattering

Diffractive DIS ep — ep X where there is a large rapidity gap and the target
nucleon remains intact probes the final state interaction of the scattered quark
with the spectator system via gluon exchange.

Diffractive DIS on nuclei eA — ¢’ AX and hard diffractive reactions such as
v*A — V' A can occur coherently leaving the nucleus intact.

e e

wa

s B

XIP XIP

4 A

i/ i/
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Remowkable obée/rvafww ou‘,' HE?A

P

N Q
lfzf
§

XIP

i

10% to-15%
of DIS eventy

are

diffractive !

r

0.15F

0.10}

0.05

0.00}

|

.

Xeu < 0.0008
ZEUS

— i i rl.
1 T t

0.0008 < xp < 0.003

40 60 80 100
Q%on [GeV?]

Fraction r of events with a large rapidity gap,
nmax < 1.5, as a function of Q2 , for two ranges of xpa. No
acceptance corrections have been applied.

M. Derrick et al. [ZEUS Collaboration], Phys. Lett. B 315, 481 (1993)
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DDIS = X

gap

P P
# In alarge fraction (~ 10-15%) of DIS events, the proton
escapes intact, keeping a large fraction of its initial
momentum

o This leaves a large rapidity gap between the proton and
the produced particles

#® The t-channel exchange must be color singlet — a
pomeron??

Diftractive Deep Inelastic Lepton-Proton
Scattering
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%

" Large Rapidity Gap

Rl

Diffractive inclusive cross section

d3o !

dep ds dQ?

FQD(TPHG]" Qz)

27 2

xQ*?
flzp) - Fy' (8, Q%)

P (zp, B, Q%)

extract DPDF and =g (x) from scaling violation

Large kinematic domain

Precise measurements

3 < Q% < 1600 GeV?
sys 5%, stat 5-20%

o

10

10

10

de Roeck

2
.
Eish

& H1 Data
H1 2006 DPDF Fit A
(extrapol. fit)

3 =0.017
(x =5-107)

X=EE-UD
[i=0.027 [i=7}

¢ H1 LRG

x=0.00013
[=0.043 (i=6)

%=0.0002
[=0.067 {i=5)

x=0.00032
F=0.11 (i=4)

x=0.0005
B=0.17 {i=3)

x=0.0008
[=0.27 [i=2)

#=0.0013
[=0.43 {i=1)

3 = 0.67
(x = 0.002)

2

10 10°

Q? [GeV?]

10
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Final-State Interaction
Produces Diffractive DIS

Q / Quark Rescattering
-

Hoyer, Marchal, Peigne, Sannino, SJB (BHM
q

Enberg, Hoyer, Ingelman, SJB

.:—
q
Hwang, Schmidt, SJB
C

P P’

1-2005
8711A18

Low-Nussinov model of Pomeron
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Hoyer, Marchal, Peigne, Sannino, sjb

QCD Mechanism for Rapidity Gaps

* Wilson LineI 1_P(y) /y dx eiA<x)°dx w(O)
0

Reproduces lab-frame color dipole approach
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Final State Interactions inv QCD

* *

2
s S
= =
Feynman Gauge Light-Cone Gauge
Result i Gange Independent
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0Ol

Integration over on-shell domain produces phase i

Need Imaginary Phase to Generate Pomeron

Need Imaginary Phase to Generate
T-Odd Single-Spin Asymmetry

Physics of FSI not innWawvefunction of Target

Novel EIC Phenomena
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Physics of Rescaltering

* Sivers Asymmetry and Diftractive DIS: New
Insights into Final State Interactions in QCD

* Origin of Hard Pomeron

* Structure Functions not Probability
Distributions!

* 'T-odd SSAs, Shadowing, Antishadowing

* Diffractive dijets/ trijets, doubly diffractive Higgs

* Novel Eftects: Color Transparency, Color
Opaqueness, Intrinsic Charm, Odderon
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The Oddevrov

A fundamental prediction of QCD is the existence of the Odderon exchange
with odd charge conjugation in the ¢t-channel reflecting three-gluon exchange.
The measurement of the asymmetry in the fractional energy distribution of
charm versus anti-charm jets produced in high energy diffractive photoproduc-
tion vp — cc + p at eRHIC would provide a sensitive test of the interference of
the Odderon and Pomeron exchange amplitudes in QCD. Another possible test
is to measure the energy dependence of exclusive process such as yp — 7¥p.

}
\
/

Merino, Rathsman, sjb hep-ph/9904280
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P/O P/O

A(z,)
0.15 -
0.1 ) s
Ry Y 2z, —1
o | A(1=0,M¢,z,) :0.45(%) - -
oo | S
0

~0.05 |-

Measure charm asymmetry
in photon fragmentation region

0.1 L

~0.15 |-
_|||llllllllllllllllllllllll||I|l|||||||||‘||illll
0O 01 02 03 04 05 06 0.7 08 09 1
zZ
C
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791 FNAL Diffractive DiJet
b, ~0 (1/k; )
¢ X1’ki1

-
T > (
T X2, k.L2

A A
Gunion, Frankfurt, Mueller, Strikman, sjb

Frankfurt, Miller, Strikman
Two-gluow exchange measures the second dervivative of the pionw
light-front wawefunctiow

WA.—[\_'?(] M o 82 wﬂ'(m?kj_)

—?—C] anJ_
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Diffractive Dissociation of the Photon to-Jety

b, ~0 (1/k; )

! >

* >
Y > | A
T X, Ko

A A

Two-gluow exchange WW second derivative of the
pnotow s
Light-front wawefunction

W*A"[v)\:kq M w (z,k )

—?—q 32/@_
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Coulomb- Dissociation of the Proton to- Jety

The diffractive dissociation of the pion into di-jets was measured by E791 at
Fermilab, thus determining the pion light-front ¢¢ wavefunction. An analogous
measurement of the proton’s wavefunction via diffractive dissociation of the
proton into three jets can be carried out using Coulomb excitation ep — €’qqq.
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Coulomb- Dissociation of the Proton to- Jety

pe— jet jet jet e

Couloml- exchange measures the furst derivative of the protow
light-front wawefunction

Novel EIC Phenomena
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Anti-Shadowing: Flowor Specific?

It has been predicted that the anti-shadowing of nuclear structure functions
is not universal, but rather is quark- flavor specific. This phenomenon may be
related to the NuTeV anomaly. It can be tested in semi-inclusive DIS in nuclei
where the quark flavor can be tagged.
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Anti-Shadowing
1.2

| © EMC s E136 :
LT, NMC + E665 ©

Q ] 1 V"——-§-
T | 2 w

& 7 ) P
8 0.9‘ ;/ ‘h

o A 7
- Q2= 5 GeV”

0.7 ———
0.001 0.01 0.1

M. Hirai, S. Kumano and T. H. Nagai,
“Nuclear parton distribution functions

Shad()Wing x and their uncertainties,”
Phys. Rev. C 70, 044905 (2004)
[arXiv:hep-ph/0404093].
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Stodolsky
Pumplin, sjb

Nuclear Shadowing inv QCD o

Shadowing depends on understanding leading twist-
diffraction in DIS

Nuclear Shadowing not included in nuclear LFWEF'!

Dynamical effect due to virtual photon interacting in
nucleus
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Integration over on-shell domain produces phase i

Need Imaginary Phase to Generate Pomeron.,
Need Imaginary Phase to Generate T-
Odd Single-Spin Asymmetry

Physics of FSI not in Wawefunctiow of Tawrget
Antishadowing (Reggeow exchange) is not

univer ol
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Shadowing and Antishadowing of DIS

Structure Functions

1.2 1.2
: y"—Current (a) : Z —Current (b)
11 - T . TR J
i ] e .
L S b
L -
0.9 |
i S. J. Brodsky, I. Schmidt and J. J. Yang,
0.8 n Lol Coo ol l 0.8 7\\\ Lol Lol Lo “NUCIearAntiShadOWingin
107 1077 107 1077 10 2 107 Neutrino Deep Inelastic Scattering,”
A X Phys. Rev. D 70, 116003 (2004)
10 12 [arXiv:hep-ph/0409279].
B W*—Current o W~ —Current
_____ d (c) ¥ (d)
T IS B
D [ S LY
LS I ’,— -
0.8 0.8
7\\‘ | | \\HH‘ | | \\HH‘ | 7\\‘ | | \\HH‘ | | \\HH‘ |
107 10 ° 10! 10> 10 ° 10"
X X
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1.2 1.2
: y*—Current : Z —Current
B u B u
.17 — ... Rl LIV e g .
) I 3 ) R 3 '," N\
g W ‘ i 1 %.‘.:.‘..:.‘..:.‘..'..‘..'..'.:._L:{'.'.’.‘T.T..'..'..'..'..-.:..-.:.r---:-‘*--
L i L T
0.9 |- 0.9 |-
B (a) B (b)
0.8 7\\‘ | | \\HH‘ | | \\HH‘ | 0'8 7\\‘ | | \\HH‘ | | \\HH‘ |
1077 10°° 107 1077 10 7% 107
X X
1.3 1.3 ¢
i W*—Current i W™ —Current
1.2 b g 1.2 L 3
| ETIT S Rt '
1.1 1 b
ZLI:V : ZL:‘ : "l \‘\
N e S 3 X A S
LS L TR
0.9 [ 0.9 -7
i (©) i (d)
0‘8 7\\ | | \\\\H‘ | | \\\H\‘ | 0'8 7\\ | | \\\H\‘ | | \\\H\‘ |
1077 10°° 107 1077 10 % 107
X X
[ ]
Nuclear Effect not Universal!
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Breakdoww of DGLAP at Large x

DGLAP evolution of the proton structure breaks down as one enters the
large x fixed W? domain since the struck quark is far off shell at z — 1. This
phenomena is essential in order to preserve exclusive-inclusive duality even at
large Q2. The structure functions of nuclei at z > 1 reflect fundamental features
of the nuclear wavetunction in QCD, including hidden color dynamics.
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Perturbative QCD Analysis of
Structuwre Functions at x ~ 1

2
k 1L
l -z
* Lowest-order connected PQCD diagrams dominate

* Struck quark far oft-shell at large x k‘% ~
* Spectator counting rules (1 — .CIZ‘) 2ns —14+245;
* Helicity retention at large x

e Exclusive-Inclusive Connection
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Y

[ J

®

Y
~
—

E 3 Jﬁ J E Py 1
gt (z) < (1 —x)3 P : 13 3 py \JPT
L.=0 5 L.=0
(a)
7 PGP S —
o1 9 3 Jﬁ g ap
P\ pg 1§ k, TAVE
L. — 5 L.=0
(b)
g (z) x (1 —2)°109%(1 — )
From nongero- ovbital g | ——g !
angular momentum - ik 4 99,1
o P1\pst § i, AV
Avakian, sjb, Deur, Yuan _ o
(¢)
E
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(a™-a)(q*+q)

0.2 0.4 0.6 0.8 1
Avakian, sjb, Deur, Yuan
Similow to- Ji, Balitsky, Yuows PQCD analysis of F2(Q?)/F1(Q?)
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Perturbative QCD Analysis of
Structuwre Functions at x ~ 1

* Struck quark far off-shell at large x k# o Ifi

* DGLAP evolution quenched due to oft-shell struck
quark

(1 — CC)P+€ £(Q%,Q3) = %fQngQ LE;)

Q5 2y KT
o1

* Duality/ Exclusive-Inclusive connection at fixed W
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Fractional Quawk Charge Test

The inclusive reaction e*p — e* +~+ X at high photon transverse momen-
tum measures Compton scattering on quarks. The electron-positron asymmetry
from the interference with Bethe-Heitler bremsstrahlung measures the cube of
the quark charges.

2011 Al

A Test For Fractionally Charged Partons From Deep Inelastic Bremsstrahlung In The Scaling Region.
Stanley J. Brodsky, J.F. Gunion, Robert L. Jaffe (SLAC) . SLAC-PUB-1064, Jul 1972. 24pp.
Published in Phys.Rev.D6:2487,1972.
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Electronw-Positron Asymumetry

The electron-positron asymmetry in DIS tests the electroweak neutral cur-
rent as well the presence of two-photon exchange contributions, which in the case
of exclusive amplitudes, are believed to cause a breakdown of the Rosenbluth
separation method.

€ /

LYY

*
*
0‘ .
* .
“ .
* “
‘“\
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Hadronigation at the Amplitude Level

T =14 2/C —— —

e

PH
Event amplitude 5 5 S R
generator R TER TN

Construct helicity amplitude using Light-Front Perturbation
theory; coalesce quarks via Light-Front Wavefunctions
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Howrd Exclusive Reactions

The hard exclusive reactions v*p — Mp and v*A — V A which keep the
nucleon or nucleus intact provide important tests of hadron structure and QCD
color transparency, The connection of these processes with exclusive reactions
at fixed angle could be explored at eRHIC.
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do _ F(6cm) — 2
C E(S7 t) - S[ntot—Q] i «m

Frr(Q2) ~ [ &)1

ntot =nA +npg+nc—+np
Farrar & sjb; Matveev, Muradyan,

Fixed t/s or cosfem Tavkhelidze

Conformal symumetry and PQCD predict leading-twist
scaling behawvior of fixed-CM angle exclusive amplitudes

Chawacteristic scale of QCD: 300 MeV

Moy new J-PARC, GSI, J-Lab,; Belle, Babow tests
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Leading-Twist PQCD Factorigatiow for
form factors, exclusive O(/WLPMOLOL%/ Lepage, sjb
q

baryon distribution.
amplitude

M= ”dxidyiqﬁF(ib’i,Q)XTH(%%Q)ECM(%Q)

T If as(Q?) ~ constant

Q*F1(Q?%) ~ constant

,71~1/Q
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o
©
P
m‘ ]

QFF(Q?) [Gevl ©°-8
F(QY) ~ [1/Q)", n=3

5 10 15 20 25 30 35
2 2
Q [GeV ] From: M. Diehl et al. Eur. Phys. J. C 39, 1 (2005).

e Phenomenological success of dimensional scaling laws for exclusive processes
-2
do/dt ~1/s""“ n=ns+ng+nc+np,

implies QCD is a strongly coupled conformal theory at moderate but not asymptotic energies
Farrar and sjb (1973); Matveev et al. (1973).

e Derivation of counting rules for gauge theories with mass gap dual to string theories in warped space

(hard behavior instead of soft behavior characteristic of strings) Polchinski and Strassler (2001).
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do/dt [nb/(Gevre)2]

T T T T T T[] 1

yp— 7N
(6*~90°)

e SLAC
o MIT Ref. 21
x CIT Ref., 22

S—?

20

100

0.0l

I

7/

1T T1TTHI

yp—(p +w)p
yp—1 N7
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Hadrow Distribution Amplitudes

. Lepage, sj5b
X
. <@
¢H (QE % Q)
l—=z
- Fixed T =t 4 z/c
® Fundamental gauge invariant non-perturbative input to
hard exclusive processes, heavy hadron decays. Defined
for Mesons, Baryons
® Evolution Equations from PQCD, | fepage, st
. Frishman, Lepage, Sachrajda, sjb
OPE, Conformal Invariance Peskin Braun

E fremov, Radyushkin Chernyak etal
® Compute from valence light-front wavefunction in light-

cone gauge Q 3
oz, Q) :/ d*k yq(z, k1)

BNL-EIC Novel EIC Phenomena
November 27, 2007

Stan Brodsky, SLAC

121



Features of Howd Exclusive
Processes v PQCD

Lepage, sjb; Duncan, Mueller

Factorization of perturbative hard scattering subprocess M = [Ty x Ng;

amplitude and nonperturbative distribution amplitudes
M ~ fCOcnr)

Dimensional counting rules reflect conformal invariance: QNtot—4
Hadron helicity con tion: D it M = > g A

y conservation. initial Ny Zufinal Ny
Color transparency Mueller, sjb;

Hidden color Ji, Lepage, sjb;

Evolution of Distribution Amplitudes

Lepage, sjb; Efremov, Radyushkin
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Color

Bertsch, Gunion, Goldhaber, sjb
A.H. Mueller, sjb

® Fundamental test of gauge theory in hadron physics
® Small color dipole moments interact weakly in nuclei
® Complete coherence at high energies

® Clear Demonstration of CT from Diffractive Di-Jets
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Kawtar Hafidi

T 0.6 ¢
Fe t ® 5 GeV CLAS Preliminary
0.55 -- CT Model Prediction (PRC 65 (2002) 035201)
0.3 B Glauber Model By H. Lee & B. Mustapha (Preliminary)
045 |
E
0.4F
0.35 |
: #
0.3 '
0.25 |
{j.z ;|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
0.5 1 1.5 2 2.5 3 3.5
Theory: Q2 (GeV?2)

Kopeliovich et al., PRC 65 (2002) 035201
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Color Transparency Ratio

proton;
proton,
o
do/dt for / c)0 proton,
126 --"\ o ©
Tpp‘
Z do/dt for

\ / proton:
proton .g\

J. L. S. Aclander et al., proton,
“Nuclear transparency in 6., = 900

quasielastic A(p, 2p) reactions,”

Phys. Rev. C 70, 015208 (2004), [arXiv:nucl-

ex/0405025].
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0.5 _

Top

0 1 1 | 1 ] 1 | 1 |
6 8 10 12 14

Beam momentum [GeV/c]

PHYSICAL REVIEW C 70, 015208 (2004)

Nuclear transparency in 902_m. quasielastic A(p,2p) reactions

J. Aclander,7 J. Alster,7 G. Asryan,"* Y. Averiche,5 D. S. Barton,l V. Baturin,z‘Jr N. Buktoyarova,"+ G. Bunce,I
A.S. Carroll,l’i‘ N. Ch1ristensen,3’§ H. Courant,3 S Durrant,2 G. Fang,3 K. Gabriel,2 St Gushue,l K. J. Heller,3 S. Heppelmann,2
1. Kosonovsky,7 A. Leksanov,2 Y. L. Makdisi,l A. Malki,7 I. Mardor,7 Y. Mardor,7 M. L. Malrshak,3 D. Martel,4
E. Minina,2 E. Minor,2 I. Navon,7 H. Nicholson,8 A. Ogawa,2 Y. Panebratsev,5 E. Piasetzky,7 T. Roser,1 J.J. Russell,4
A. Schetkovsky,l;r S. Shimanskiy,5 M. A. Shupe,3’” S. Sutton,8 M. Tanaka,l’jJ A. Tang,6 I. Tsetkov,5 J. Watson,6 C. White,3
J-Y. Wu,? and D. Zhalov®
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Color Transparency fails
when Ay, is large

07 ! | ! | ! | ! | ! | ! | !
T Mardor [1] -
Leksanov [2] +e-
0.6 ~ Carroll-C [3] & -
a Carroll-Al [3] +&-
= - 1/R(s) —
= o5 | (s) |
)
C
o
s 0.4 -
o
7))
&
= 0.3 r .
3
o 02 r -
2 4 A\ -~
0.1 f | %-—o—-: -
(@2 5 8 10 1 15 |
O L | L | L | L | L | L | L

4 6 8 10 12 14 16 18
P« Effective beam momentum [GeV/c]
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Eva Bunce, Carroll,

Experiment B [ —Heppelman...
BNL

T

02l .

eff (Ge V/C) Rapid Angular Variation!
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Light-Front Wawvefunctions

Dirac’s Front Form: Fixedt=1r+z/c

WP(x, k) -+

Invariant under boosts. Independent of pY
CD
HZ:P [y >= M2y >

Remowkable new insighty from AdS/CFT, the
duality betweew conformal field theovy and
Anti-de Sitter Space
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Applications of AdS/CFT to-QCD

5-Dimensional
Anti-de Sitter

Spacetime
| = “‘
%‘i‘}!,l | Changes in
, iilﬂ physical
"’I’/
,,M length scale
”/,/{// mapped to

evolution in the
5th dimension z

4-Dimensional
Flat Spacetime
(hologram)

in collaboration with Guy de Teramond
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Gool;

* Use AdS/CFT to provide an

approximate, covariant, and
analytic model of hadron structure
with confinement at large
distances, conformal behavior at
short distances

* Analogous to the Schrodinger
Equation for Atomic Physics

o AdS/QCD Holographic Model

131



AdS/CFT Predictions for Meson LFWF ¥ (z,b] )

‘ ‘;\"\
N
00[

N
i
A ,‘Qc“!!" "‘

Aqcp = 0.32 GeV k= 0.76 GeV,
Truncated Space Harmonic Oscillator
BNL-EIC Novel EIC Phenomena
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AdS/CFT: Anti-de Sitter Space / Conformal Field Theory

Maldacena:

MO(/P AdSs X S5 to-conformal N=4 SUSY

e QCD is not conformal; however, it has
manifestations of a scale-invariant theory:
Bjorken scaling, dimensional counting for
hard exclusive processes

¢ Conformal window: «s(Q?) ~ const at small Q2

¢ Use mathematical mapping of the conformal
group SO(4,2) to AdS5 space

BNL-EIC Novel EIC Phenomena
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LF(3+1) AdSs

C:\/af(l—x)l;i —~-— %

|5
(1 —2x)

Yz, ) = Va(l —x)¢2(¢)

Holography: Unique mapping derived from equality of LF
and AdS formuda for cuwrrent matrix elementy
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Holography:
Map AdS/CFT to- 3+1 LF Theory

Relativistic LF radial equation Frame Independent

V()] () = M26(0)

G. de Teramond, sjb

(2 _ z(1 — z)b2 .

(1 —x)

Effective conformal 1 — 42
potential; V() = 402
4 .9 Soft wall hawmonic
K C oscillator potential:
BNL-EIC Novel EIC Phenomena
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Prediction from AdS/CFT: Meson LFWF

q 3‘: 0.40-2
0.2
0 15 Harmonic
Yz, ki) . Oscillator model
0.1
0.05]
0
o de Teramond, sjb
kJ_(GeV) 1. ‘, :”’
5

érr(z, Qo) o /z(1 — )

1.5

Increases PQCD prediction for F(Q?%) by 16/9

1 EIC Ph
BNL-EIC Novel EIC o omend Stan Brodsky, SLAC
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k = 0.375 GeV
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w‘]/w (I, b) b[GeV ™!

mininmuun of LF
W%/
denominator
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New Perspectives on QCD
Phenomena from AdS/CFT

* AdS/CFT: Duality between string theory in Anti-de
Sitter Space and Conformal Field Theory

* New Way to Implement Conformal Symmetry

* Holographic Model: Conformal Symmetry at Short
Distances, Confinement at large distances

* Remarkable predictions for hadronic spectra,
wavefunctions, interactions

* AdS/CFT provides novel insights into the quark
structure of hadrons
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New physics at high zp

Direct subbrocesses
Dominance of higher-twist subprocesses in some domains

Reggeon (mudtiquark) exchange inv
both exclusive and inclusive reactions

Intrinsic Heavy Quauks

Novel EIC Phenomena
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N — ut u- X at high xr

In the limit where (1-xr)Q?Z is fixed as Q% —

Entire pion wi

contributes to !

hard process W |
Virtual photon is
longitudinally

_ polarized
N = U

Berger and Brodsky, PRL 42 (1979) 940
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Berger, Lepage, sjb

S|

Pion appears directly in subprocess at large xr
AW of the piow s momentunm is travsferved to-the lepton pair
Lepton Pair iy produced longitudinally polarized
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w N — 7% + [T X at 80 GeV/c Dz're;ct Su‘bproi'essl’lredic'tion.g

—gg—oc 1+ X cos?6 + p sin26 cos¢ + w sin?6 cos2 .

2

d20' 2 2 4 <kT
1 — 1+ + 4

dx.d cosp = X[ (1T Xn) (L Hcosio) + 5 =

sinZ9|

(k#) =0.62 £0.16 GeV?/c?

Dramatic change inv

angulowr distributionw at o
Wg@x/r 04 05 06 07 08 09 |

X7
Chicago-Princeton
Collaboration

Phys.Rev.Lett.55:2649,1985

Example of a higher-twist
direct subprocess
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Higher T'wist Subprocesses at z — 1
ep — em X

Single-hadron in jet fragmentation Region

O'T(l—z)2—|—O'L (1—2’)0
QQ

Exclusive-Inclusive Connection

Deeply virtual meson scattering
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Generaliged Crewther Relatiovw

The Generalized Crewther Relation of QCD makes the remarkable prediction
that the leading-twist radiative corrections to the product of the Bjorken sum
rule and R.+.-_, x(s) at commensurate values of s and Q? cancel to all orders
in perturbation theory, thus providing a fundamental test of QCD devoid of
theoretical ambiguities.
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Lu, Kataev, Gabadadze, Sjb

Generalized Crewther Relation

1 4 ozR7(Ts*)][1 Oégl(qz)] — 1

p-
vV s* ~ 0.520)

Conformal relation true to- all ovdersy inv
perturbation theory

No-radiative covrections to- axiod anomaly

Nonconformal terms set relative scales (BLM)
Analytic matching at quark thresholds
No renormalization scale ambiguity!
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1 1
[ e [g7(0,G) - gin(z, Q7)) = |22 [1 ) ozgl(Q)}

gv T

R@Q) =35 @2 1+ 8@

f T
g, (Q)  ar(Q*) 3 ap(Q™) 2

T 7 - ZOF< - ) |

11 1 (abe Jabe (Zf Qf) QR(Q***

9 | ;
+ 1_601?_(@_6@) CrN ZfQ% < - ) ;

7 11 7 2\ /11 2
Q" =Qexp |- — 203+ (96 + §C3 — 25 — 72T4> (?CA — gf) QRLQ)] :

4
- 523 28 20 & A O
A TR 3<5+( 54+9<3) Cr
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Novel TIC Topics

e DVCS, DVMS, Hard Exclusive Processes at the
Amplitude Level

* Diffractive DIS

* Hidden Color in Deuteron

* x> 1 in Nuclei

* Shadowing, antishadowing, EMC
* Jet Energy Loss

* Proton, Nucleus Fragmentation
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Novel EIC Topics

* Color Transparency in Hard Exclusive Processes
* Intrinsic Charm, Bottom and high x
* Heavy Hadron Studies; Nuclear Dependence

* Structure functions at high x; Quenching of

DGLAP

* Pion, Kaon Structure Function

* Coulomb Dissociation of Proton to Jets
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Novel EIC Topics

* Hard Photon Inclusive production

* Bjorken Sum Rule, Generalized Crewther
Relation

e Exclusive-Inclusive Connection
* Higher Twist

* Single Spin Asymmetries; Jet correlations

* Neutral and Charge Current Studies; NuleV

anomaly
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Forward Fragmentation
Hidden Color

When the electron strikes a quark in DIS, the remnant part of the proton
emerges along the proton direction. The remnant system for DIS on nuclei
such as the deuteron and ®>He targets do not always leave the spectator nu-
cleons intact, because of QCD hidden-color degrees of freedom in the nuclear
wavefunction as well as the final-state interactions of the quarks.

Heavy Hadron Production from IC, IB

When the electron interacts with the intrinsic charm or bottom quark, heavy
hadrons such as the A, and even doubly charmed baryons such as the &(ccd)
are created with high momentum fractions and Lorenz-dilated lifetimes.

One of the novel aspects of eRHIC is its capability for studying the forward frag-
mentation products of the struck proton in DIS. The proponents should discuss
how a detector with forward hadron capability can illuminate this fundamental
proton physics.
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Featwres of Light-Front Formalism
o Hidden Color Nuclear Wavefunction
o Color Transparency, Opaqueness

o Intrinsic glue, sea quarks, intrinsic charm.

e Simple proof of Factorization theorems for hard processes

(Lepage, sjb)
* Direct mapping to AdS/CFT (de Teramond, sjb)
e New Effective LF Equations (de Teramond, sjb)
e Light-Front Amplitude Generator
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* Although we know the QCD Lagrangian, we
have only begun to understand its remarkable
properties and features.

* Novel QCD Phenomena: hidden color, color

transparency, strangeness asymmetry, 1ntrinsic
charm, anomalous heavy quark phenomena,
anomalous spin effects, single-spin
asymmetries, odderon, diffractive deep
inelastic scattering, dangling gluons,
shadowing, antishadowing ...

Truthv iy stranger thaw fiction, but it is because
Fictio iy obliged to- stick to-possibilities.

—Mowk Twaivv

1EIC Ph
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